cardiopulmonary hemodynamics; catheterization; chronic hypoxia; inotropic agents MOUSE IS A WIDELY USED SPECIES for investigating a growing number of disease states. In particular, the availability of knockout and transgenic mice allows the molecular mechanisms of disease to be understood with ever more clarity. Cardiopulmonary status, including right ventricular function, pulmonary vascular function, and right ventricular-pulmonary vascular interactions, is an important facet of health and disease. Recently, different methods for assessing left ventricular function, systemic vascular function, and the efficiency of left ventricular-systemic vascular hemodynamic interactions in mice in situ have been described (13, 16, 17, 39, 41, 47, 53, 54, 64) . However, the feasibility and utility of these techniques in the right ventricle and pulmonary vasculature of mice have not been established.
Useful and well-established parameters for assessing ventricular function include cardiac output (CO), ejection fraction (EF), end-systolic pressure-volume relations (ESPVR), enddiastolic pressure-volume relations (EDPVR), preload recruitable stroke work (PRSW), relaxation factor (), maximum and minimum derivative of pressure (dP/dt max and dP/dt min , respectively), and chamber compliance (9, 55, 56) . Pulmonary vascular function is often assessed via the pulmonary vascular resistance and sometimes the pulmonary vascular impedance (6, 11, 12, 20, 28, 33, 42, 58) . To understand the efficiency of ventricular interaction with the vasculature in both healthy and diseased states, the concept of ventricular-vascular coupling was developed by Sagawa and coworkers (48) . In this prior work, the ventricular end-systolic elastance (E es ) and effective arterial elastance (E a ), each of which yields insight into the dynamic behavior of its respective system (ventricle or vasculature), were shown to provide a direct assessment of the efficiency of ventricular-vascular hemodynamic interactions via their ratio (E es /E a ). The E es -to-E a ratio has been used to assess cardiovascular function in isolated hearts, intact animals, and humans (1, 8, 27) .
When the ventricle and vasculature are efficiently coupled, for either the right pulmonary or left systemic interactions, minimal energy is wasted in the pulse pressure and maximal energy is transmitted in the mean pressure (39, 49) . In this case, the ventricle operates at a maximum efficiency and submaximal stroke work such that E es /E a Ͼ 0.5. Conversely, for a poorly performing ventricle or high impedance vasculature, energy may be wasted through a variety of mechanisms; for example, overly rapid pulse wave reflections as occur with age (2, 36), increased arteriolar resistance as occurs in hypertension (39) , and ventricular dilation as occurs with heart failure (39). In these cases, E es /E a Ͻ 0.5 and ventricularvascular uncoupling occurs (23) .
This concept and mathematical formulation of ventricularvascular coupling efficiency has been used to assess right ventricular-pulmonary vascular interactions in acute pulmonary hypertension (29, 45) , endotoxic shock (14, 26, 27) , acute hemodilution (25, 46) , and acute vasodilation (45, 59) in pigs and dogs and after the Fontan procedure in children (43) . However, to our knowledge, no measurements of right-sided ventricular-vascular coupling have been performed in mice. Therefore, one goal of this study was to demonstrate the feasibility of assessing cardiopulmonary status-including ventricular-vascular coupling efficiency-in mice in situ using admittance catheterization techniques. To achieve this goal, we used an admittance catheter to measure right ventricular pressure and volume simultaneously and instantaneously in healthy and hypertensive mice. We also investigated the effects of dobutamine infusion and the ability of our techniques to detect changes in cardiopulmonary status with dobutamine in healthy and hypertensive mice. Demonstration of techniques for measuring right ventricular function and ventricular-vascular coupling efficiency in mice will enable the future exploration of molecular-level mechanisms, using transgenic and knockout mice, in cardiopulmonary diseases such as pulmonary arterial hypertension.
METHODS
Animal handling. Fifteen male C57BL6/J mice 10 -12 weeks old, with a body weight of 25.5 Ϯ 1.6 g were obtained from Jackson Laboratory (Bar Harbor, ME). Mice were exposed to 10 days of normobaric hypoxia. Hypoxia was created in an environmentally controlled chamber in which nitrogen was mixed with room air until an oxygen concentration of 10% was reached; oxygen levels were measured with a sensor in the chamber (Servoflo, Lexington, MA) that controlled a relay valve on the nitrogen gas inflow line via a custom-built closed loop control system. The chamber was opened for 10 -20 min three times per week to clean cages and replenish food and water. Control mice were housed in room air. All mice were exposed to a 12-h:12-h light-dark cycle. All procedures were approved by the University of Wisconsin Institutional Animal Care and Use Committee.
Anesthesia, ventilation and ventricular exposure. Mice were anesthetized with an interperitoneal injection of urethane solution (1 mg/g body weight), intubated, and placed on a ventilator (Harvard Apparatus, Holliston, MA) using a tidal volume of ϳ225 l and respiratory rate of ϳ200 breaths/min. They were then placed supine on a heated pad to maintain body temperature at 38°to 39°C. A ventral midline skin incision was made from the lower mandible inferior to the xiphoid process. The thoracic cavity was entered through the sternum. The chest wall and lungs were carefully retracted to expose the right ventricle. Hydroxyethylstarch (6%; 2 mg/g body weight) was injected intravenously to restore vascular volumes as previously reported (41, 44) .
Instrumentation and hemodynamic measurements. To measure systemic pressure, the right carotid was cannulated with a 1.2 F cathetertip pressure transducer (Scisense, London, Ontario, Canada) and advanced into the ascending aorta.
Subsequently, the apex of the right ventricle was localized and a 1.2 F admittance pressure-volume catheter (Scisense) was introduced using a 20-gauge needle. The admittance catheter calibration was performed by measuring admittance magnitude and phase in saline solutions of known conductivities. The conductivity values were chosen to cover the range of expected effective conductivities for blood and muscle (1,000 to 10,000 S/cm) (44). After instrumentation was established and initial pressure-volume measurements were obtained, the inferior vena cava was isolated and briefly occluded to obtain alterations in venous return for determination of end-systolic and end-diastolic pressure relations. The vena cava occlusion was limited to a few seconds in duration to avoid reflex responses. The magnitude and phase of the electrical admittance as well as the right ventricular pressure were continuously recorded at 1,000 Hz and analyzed on commercially available software (Notocord Systems, Croissy Sur Seine, France).
Cardiac reserve. To examine cardiac reserve, we infused dobutamine at 5 g·kg Ϫ1 ·min Ϫ1 through the jugular vein. Pressure and volume data were obtained in an initial state during brief vena caval occlusion at least 10 min after the dobutamine infusion.
After all measurements were complete, a sample of blood was extracted to measure the hematocrit (Hct). The right ventricular free wall was removed and weighed as was the left ventricle (LV) plus septum (S). The right ventricular to (LV ϩ S) ratio was calculated as an index of right ventricular hypertrophy. Right and left atria were also removed and weighed.
Hemodynamic data analysis. The signals of pressure and volume were visually checked for quality and recorded for later analysis. For each baseline or experimental condition, at least 10 consecutive cardiac cycles free of extrasystolic beats were selected and used for the analysis. Standard hemodynamic variables (heart rate, systolic pressure, and diastolic pressure), right ventricular function parameters (CO, EF, , chamber compliance), and E a were calculated from the hemodynamic data.
Contractility was quantified in three ways: as the slope of the ESPVR (E es), PRSW, and the slope of the dP/dtmax-end-diastolic volume (EDV) relationship. Ees gives insight into the dynamic behavior of the ventricle (49), PRSW is useful because it is chamber size and load independent (22) , and the dP/dt max-EDV relation is used to evaluate load-independent right ventricular contractile performance in vivo. In the left ventricle, the dP/dt max-EDV relation is considered a more sensitive parameter of contractility than Ees or PRSW (30) .
Finally, ventricular-vascular coupling efficiency was calculated as E es/Ea.
Statistical analysis. The significances of the overall changes in the hemodynamic parameters with 10 days of chronic hypoxia and with dobutamine were assessed using a two-way ANOVA (P Ͻ 0.05). When the ANOVA reached statistical significance, Tukey multiple comparisons were used for post hoc analysis. Data were considered significant for P values less than 0.05. Data are presented in terms of means Ϯ 1 SD. Statistical analysis was performed using R software (Foundation for Statistical Computing, version 2.6.2).
RESULTS
The average body weight of the hypoxia-induced pulmonary hypertension (HPH) group at the end of the hypoxia exposure was not significantly different from the control (CTL) group (26.2 Ϯ 1.3 vs. 24.9 Ϯ 2.0 g). However, right ventricular free wall weight increased with HPH, whereas right atrial, left atrial, and left ventricular free wall and septum weights were unaffected (Table 1) .
Right ventricular hemodynamic analysis. Figure 1 shows typical pressure-volume traces initially and during preload reduction by vena cava occlusion for CTL and HPH mice. The largest, right-most pressure-volume loop represents the initial condition before occlusion. Note that the pressures and volumes in the CTL group are in the physiological range for a mouse: mean pressure, 10 -20 mmHg; stroke volume, 14 -26 l (17, 50, 51, 65).
As evidenced in Fig. 1 , the slope of the ESPVR shifted leftward and became steeper in HPH mice. Measurements of right ventricular function and right ventricular-pulmonary vas- Values are means Ϯ SD; n ϭ 8 for control (CTL) and n ϭ 7 for hypoxia-induced pulmonary hypertension (HPH) group. BW, body weight; RV, right ventricular; LV, left ventricular; S, septum; RA, right atrial; LA, left atrial. *P Ͻ 0.005; †P Ͻ 0.0005 vs. CTL. cular coupling efficiency at baseline in CTL and HPH mice are summarized in Table 2 .
Ten days of hypoxia caused an average 61% decrease in CO, 55% decrease in EF, 63% decrease in compliance (all P Ͻ 0.05), and an increase in contractility as measured by the dP/dt max -EDV relation (by 110%; P Ͻ 0.005) and PRSW (by 62%; P Ͻ 0.0005). E es increased somewhat but not significantly (P ϭ 0.1; Table 2 ). Although all three contractility parameters increased with HPH, the dP/dt max -EDV relation was the most sensitive, as reported in a previous study on left ventricular function (21) . E a also increased significantly with HPH (P Ͻ 0.0005). The mild increase in E es , in conjunction with the dramatic increase in E a , led to a significant decrease in E es /E a , from 0.71 Ϯ 0.27 to 0.35 Ϯ 0.17 (P Ͻ 0.005; Table 2 ).
Dobutamine-stimulated right ventricular hemodynamics. To examine cardiac reserve, we administered dobutamine. Heart rate did not increase in either CTL (Table 3) or HPH (Table 4) mice. No alteration in systemic blood pressure was observed in response to dobutamine for either group.
In the CTL group, the administration of dobutamine tended to decrease CO and compliance, increased E es and dP/dt max -EDV (P Ͻ 0.05), and tended to increase PRSW. E a increased dramatically with dobutamine (P Ͻ 0.0005) and, as a consequence, E es /E a decreased significantly (P Ͻ 0.05).
Administration of dobutamine in the HPH group increased CO (P Ͻ 0.05) and tended to decrease compliance, contractility (E es , PRSW, and dP/dt max -EDV), E a and ventricular-vascular coupling (E es /E a ) (Table 4) . However, only the increase in CO was significant.
In many respects, the response of the right ventricle to dobutamine infusion was similar between groups. End-systolic right-ventricular pressure, end-diastolic volume, relaxation factor , and EF remained near baseline values in both groups. Values are means Ϯ SD; n ϭ 8 for control (CTL) and n ϭ 7 for HPH group. dP/dtmax and dP/dtmin, maximum and minimum derivative of pressure; Ees, ventricular end-systolic elastance; Ea, effective arterial elastance. *P Ͻ 0.05, †P Ͻ 0.005, ‡P Ͻ 0.0005 vs. CTL. 
Pulmonary vascular indexes
Effective arterial elastance, mmHg/l 2.7 Ϯ 1. 
DISCUSSION
This study demonstrates that high fidelity, instantaneous, and simultaneous measurements of pressure and volume in the right ventricle of mice are possible and that the resulting pressure-volume data yield significant insight into changes in right ventricular and ventricular-vascular function with disease.
To our knowledge, no other studies have simultaneously measured beat-by-beat pressure and volume in the mouse right ventricle. However, other studies have measured right ventricular pressures and time-averaged CO. Right ventricular pressures in this study were similar to several prior studies (ϳ25 mmHg) (17, 37, 38, 50, 51, 65) but higher than others (ϳ18 mmHg) (32, 61) , which may be due to the significantly slower heart rates in those studies compared with the present study. CO measured from the right ventricle in this study was similar to CO measured previously in the right ventricular by thermodilution (10) and estimated by transesophageal echocardiography (51), as well as left ventricular output measured by a variety of techniques (3, 4, 15, 18, 53) . End-diastolic volumes were also similar to those measured by echocardiography (51), but much lower than that found by Rockman et al. (47) using X-ray contrast microangiography. However, the Rockman study infused a contrast agent, which may have increased venous return, and in that study the heart rate was significantly slower, both of which likely affected the measured end-diastolic volumes.
Right ventricular contractility has not been previously measured in a mouse model. Other measures of right ventricular function in mice do exist in the literature. For example, the surrogate measure for contractility, dP/dt max , measured in the right ventricle in this study (2,522 Ϯ 660 mmHg/s, in CTL) was higher than that measured by Otto et al. (736 Ϯ 100 mmHg/s) (40) . Lower right ventricular pressures and heart rate obtained by Otto et al. (40) may account for this difference. Ejection fraction in our study was similar to that estimated by echocardiography (51) and by X-ray contrast microangiography (47) . Measures of contractility (E es , PRSW) by the gold standard of pressure-volume analysis have not been published for the mouse right ventricle, but are lower than values for the mouse left ventricle (18, 21, 41, 53, 63) ; this difference is likely due to the lower pressure in the right ventricle.
Values of effective arterial elastance E a for the pulmonary circulation in mice have not been published. E a incorporates the principal elements of total ventricular afterload, including peripheral resistance, arterial compliance, and characteristic impedance (24, 35, 53) . For either the systemic or the pulmonary circulation, E a can be calculated as the peak ventricular pressure divided by the stroke volume (48, 49) . The value of E a for the pulmonary circulation found here is approximately fourfold lower than the value of E a for the systemic vasculature of mice published previously (13, 41, 53, 62) . Given that the peak ventricular pressure in the right ventricle is approximately fourfold less than that in the left ventricle for the same CO, this result is good validation of the values obtained here.
In contrast with E a , E es /E a is comparable in the two sides of the heart (53). In the CTL mice assessed here at baseline, the ventricle operated at a maximum efficiency and submaximal stroke work such that E es /E a was greater than 0.5 on average. This value is remarkably lower than values reported in other species (7, 60) but similar to normal E es /E a values reported for left ventricular-aortic coupling in mice (13, 44) .
Chronic hypoxia increased right ventricular systolic pressure, contractility and effective arterial elastance, and decreased ejection fraction, CO, and chamber compliance. Systolic dysfunction was also observed in the HPH group, characterized by an increase in chamber contractility indexes, such as the dP/dt max -EDV relation and PRSW. This increase in myocardial contraction was also evident by the increase in stroke work found with unchanged end-diastolic volume.
The right ventricle can increase its contractility through homeometric autoregulation and in theory accommodate a doubling of its afterload before it becomes uncoupled and decreases stroke volume (19) . However, in our study, the increase in contractility, increase in effective arterial elastance, and decrease in chamber compliance caused the ventricle to uncouple from the vasculature, likely indicating that the right ventricle in mice exposed to 10 days of chronic hypoxia does not have enough reserve to compensate for the increased load.
Dobutamine infusion had unexpected effects in this study. The dosage regimen of 5 g·kg Ϫ1 ·min Ϫ1 was chosen because it is within the dosage range (2.5-10 g·kg Ϫ1 ·min Ϫ1 ) most commonly used in experimental (5, 52) and clinical pulmonary hypertension (34) . In CTL mice, dobutamine caused a significant decoupling through an increase in contractility and larger increase in effective arterial elastance. The augmentation of Values are means Ϯ SD; n ϭ 7 for HPH group and n ϭ 7 during dobutamine infusion. *P Ͻ 0.05; †P Ͻ 0.005 vs. baseline. contractility was expected but the increase in E a was not. Given that dobutamine has been shown to cause peripheral pulmonary vasodilation (42), we expected a drop in peak right ventricular pressure with no change in stroke volume; i.e., we expected a decrease in E a . The increase in E a suggests that either peak pressure increased for the same stroke volume or stroke volume decreased for the same peak pressure. In this case, peak right ventricular pressure was not increased by dobutamine but stroke volume did decrease, although the variability was high. Dobutamine infusion at 5 g·kg Ϫ1 ·min Ϫ1 did not improve coupling in either group.
It has previously been reported that the effects of dobutamine are highly dose-and flow dependent (5, 42) . As a consequence, the effects of this dose of dobutamine are likely different in CTL and HPH conditions. Our results with dobutamine infusion also may be limited by the fact that it did not produce the anticipated increase in heart rate in either group. Nevertheless, the infusion of dobutamine provided a second state for each group at which right ventricular-pulmonary vascular coupling could be assessed with the admittance catheter technology described here. In each group at least some changes were evident; thus the effect of this inotropic agent on cardiopulmonary status could be quantified.
The importance of mice as animal models for disease cannot be understated; the mapping of the mouse genome has enabled the development of knockout and transgenic mice with which the molecular mechanisms of disease are being understood with ever more clarity. With technological advances speeding the miniaturization of physiological instrumentation, more sophisticated measurements in mice are increasingly possible. In this study, we demonstrated the use of admittance catheter technology to assess the right ventricular and cardiopulmonary status of healthy and hypertensive mice before and after dobutamine infusion. The parameters measured were in agreement with prior studies, for those cases in which prior measurements in mice were available, and compatible with comparable measures for the left ventricle and systemic vasculature.
An important application of these findings is to the poorly understood disease of pulmonary arterial hypertension, which is defined as a mean pulmonary arterial pressure of more than 25 mmHg at rest; a pulmonary capillary wedge pressure, left atrial pressure, or left ventricular end-diastolic pressure less than or equal to 15 mmHg; and a pulmonary vascular resistance greater than 3 Wood units (31) . Pulmonary arterial hypertension is a serious disease with a poor prognosis. Understanding and predicting right ventricular failure is critical to managing this disease and developing more effective treatment strategies. Our ability to measure ventricular function and ventricular-vascular coupling in mice will enable these techniques to be used with transgenic and knockout mice to assess the role of genetic factors in right ventricular failure secondary to pulmonary arterial hypertension and to assess the effects of conventional or novel treatment strategies in this species.
